Methods-Strain elastography was performed in 21 healthy neonates (mean gestational age [GA], 34 weeks; range, 28-40 weeks). Elastographic scores were assigned to the following structures on a 5-point color scale (1-5): ventricle, periventricular white matter, caudate, subcortical, cortical gray matter, and subdural space. Three elastographic images were evaluated in each patient, and median elastographic scores were calculated. The scores were compared between regions and were correlated with the corrected GA. Interobserver agreements for assignment of elastographic scores were analyzed.
U ltrasound elastography evaluates the strain or elasticity of tissues. There are two primary techniques for performing elastography: strain and shear wave elastography. The imaging of strain elastography is generated by applying force by either active external displacement of the tissue surface or passive internal physiologically induced tissue motion. 1 As opposed to softer tissues, which are more compressible, harder tissues will be less compressible and will show lower strain. On the other hand, shear wave elastography allows the determination of the actual elastic modulus of evaluated tissues. Compared to strain elastography, which does not guarantee uniform information across acquisitions or performers, 2 shear wave elastography allows high reproducibility within and across performers. 3 Still, strain elastography is the more available technique than the shear wave technique in various commercial units.
In adults, clinical applications of elastography have included evaluation of nodules and masses in the breast and thyroid to predict malignancy, as harder lesions are more likely to be malignant. 5, 6 In pediatric patients, more accurate lesion and tissue natures in organs, including the liver, kidney, thyroid, and lymph nodes, can be derived by elastography. 7, 8 Among many organs, elastography of the liver is the most developed application in the pediatric population and is widely used to show liver fibrosis in nonalcoholic fatty liver disease 9 or biliary atresia. 10 For neonates, cranial sonography is one of the most effective tools available to diagnose brain disease. It is currently the routine imaging tool for preterm neonates and any neonates with suspected brain injury.
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There is a potential for elastography to be applied in the neonatal brain, since different extents of hypoxicischemic brain damage in newborn rats showed different tissue elasticities. 12 To the best of our knowledge, however, there has been only one elastographic study on the neonatal brain, which showed different elasticities of brain tissue according to gestational age (GA). 13 Magnetic resonance (MR) elastography is another tool for assessing brain elasticity, and several studies of adults have shown different elasticities by brain regions 14, 15 and by pathologic changes. 16 However, no study has compared the elasticity of intracranial structures in healthy neonates. One major concern when performing strain elastography in the neonatal brain would be the manual compression that needs to be applied. However, in healthy neonates, hemodynamic changes on compression of the fontanel are minimal. 17 Therefore, our study was undertaken to determine the normal intracranial elastographic appearance of neonates to reveal the normal elasticity of the brain structures.
Materials and Methods
This study was approved by our Institutional Review Board. Informed consent for sonographic evaluation for medical purposes was obtained from each patient.
Patients
Thirty-one neonates underwent cranial sonography in December 2015 in our institution. Both preterm and term neonates underwent sonography for screening purposes. Ten patients with detected abnormalities on grayscale sonography, including hemorrhage, infarction, edema, and periventricular leukomalacia, were excluded.
The remaining 21 patients were included in the study. Six of the 21 patients underwent follow-up sonography after 2 months and showed no abnormalities. Eight other patients were evaluated by a pediatric physician in the outpatient clinic and showed no developmental abnormalities to suggest neurologic deficits. The remaining 7 patients were not followed up.
Elastography
Sonography was performed by a single pediatric radiologist with 6 years of experience in cranial sonography. The radiologist used an HM70A commercial portable ultrasound machine (Samsung Medison, Seoul, Korea). B-mode and elastographic images of each neonatal brain were obtained. Both 4-9-and 3-16-MHz highresolution linear transducers were used to acquire Bmode images. Coronal and sagittal images were taken for the baseline evaluation. For elastography, the radiologist used a 3-16-MHz high-resolution linear transducer and obtained images in the full screening mode. Coronal images at a level showing both lateral ventricles were selected for elastography. The field of view for elastography included the most superficial region (scalp and subdural space) and the deepest region (caudate) of the coronal B-mode image. The radiologist did not apply external compression but held the transducer still and waited for the color scale to appear. When the color scale appeared and the lateral ventricle was visualized, the image was frozen and captured. If the sonic window was not sufficient for full visualization of both lateral ventricles, one side of the hemisphere was selected for full visualization of the following intracranial structures: lateral ventricle, periventricular white matter, caudate, subcortical white matter, cortical gray matter, and subdural space. B-mode and elastographic images were simultaneously displayed as a 2-panel image. Three elastographic images were obtained in each patient. After the sonographic evaluation, circular regions of interest were defined in each structure by a pediatric radiologist (Figure 1 ). The color within the region of interest was evaluated by the following semiquantitative classification. After the predominant color within the structure was determined, numeric scores were assigned to each brain structure on a 5-point color scale (Table 1 and Figure 2 ). The scoring was performed by 2 radiologists. The following information was collected from electronic medical charts: sex, GA in weeks, corrected GA at the time of the sonographic evaluation, and birth weight in grams.
Statistics
Median and first to third quartile values of the elastographic scores were calculated in each intracranial structure. The median elastographic scores of the brain structures were compared by the Wilcoxon signed rank test with Benjamin-Hochberg P value correction for multiple comparisons in each brain region. Correlations between elastographic scores of each brain region and GA, corrected GA, and body weight were analyzed by the Spearman correlation. Interobserver agreements for assignment of elastographic scores was analyzed in each brain region by weighted Cohen j statistics. A j value of 0.81 to 0.99 was considered almost perfect agreement; 0.61 to 0.80, substantial agreement; 0.41 to 0.60, moderate agreement; 0.21 to 0.40, fair agreement; 0.01 to 0.20, slight agreement; and less than 0.01, poor or less than chance agreement. Since the ventricle and subdural space showed an elastographic score of 1 in all images of each patient, the regions were excluded for statistical analysis. Statistics were derived in R version 3.2.2 software (R Core Team, Vienna, Austria; https://www.R-project.org/). P < .05 was considered significant for statistical analysis.
Results
Twenty-one neonates (10 male and 11 female; mean GA, 34 weeks; range, 28-40 weeks) were included in Table 2 , and elastographic score comparisons between brain regions are shown in Figure 3 . The cortical gray matter showed higher elasticity compared to all of the other regions, including caudate (P < .001), periventricular white matter (P < .001), and subcortical white matter (P < .001). The caudate showed lower elasticity compared to periventricular white matter (P 5 .004) and cortical gray matter (P < .001). The periventricular and subcortical white matter showed the same median value of 4.0, but the periventricular white matter showed statistically higher elasticity compared to subcortical white matter (P 5 .009). There were no significant differences in elastographic scores between the caudate and subcortical white matter (P 5 .222).
Effects of sex on the elasticity of intracranial structures are shown in Table 3 . There were no significant sex-related differences in the elasticity of brain regions.
Correlations between birth histories and elastographic scores of the brain regions are shown in Table 4 . Although it was not statistically significant, there was a positive relationship between the corrected GA and cortical gray matter elastographic score. There was no significant correlation between other brain regions and GA or birth weight.
Regarding interobserver variability, the periventricular white matter, caudate, and cortical gray matter showed substantial to almost perfect agreement (j 5 0.75-0.89). The subcortical white matter showed moderate agreement (j 5 0.53).
Discussion
The results show that brain elasticity can be evaluated by ultrasound elastography in neonates. The cortical gray matter showed higher elasticity compared to all the other regions, and the caudate showed lower elasticity compared to the other regions except the subcortical white matter. No significant sex-related differences in the elasticity of brain regions were found, and there was trend toward a positive relationship between the corrected GA and cortical gray matter elastographic score. Interobserver variability between 2 radiologists was moderate to almost perfect.
Elastography is an emerging tool that is being applied to various organ evaluations. Although sonography is a routine imaging tool for neonates younger than 30 weeks' GA, and repeated imaging is recommended at the term-equivalent age, 11 few studies have applied elastography in the neonatal brain. In our study, the cortical gray matter showed significantly higher elasticity than subcortical and periventricular white matter. Heterogeneous MR elastographic results for the elasticity of normal gray matter and white matter exist in adults. Although some studies have reported white matter to be more elastic compared to gray matter, [18] [19] [20] another showed no difference, 21 and another found the opposite trend.
14 One study of human brain tissues of different ages including 2 months to 50 years of age 20 interestingly showed significantly higher gray matter elasticity in the younger group compared to the older group, whereas the white matter did not show significant differences. In this study, there was a trend toward a positive correlation between the cortical gray matter and corrected GA. Therefore, we postulate that gray matter showing higher elasticity compared to other regions is a result of the younger age group included in this study.
Our results showed that the caudate was significantly harder than any other regions except subcortical white matter. This finding was consistent with a previous study using shear wave elastography. 13 That study of 41 neonates showed a higher Virtual Touch tissue quantification value in the basal ganglia than in the parietal white matter (ie, harder basal ganglia than white matter). However, the statistical significance between the regions was not analyzed. A study using MR elastography in adults showed a result that was contradictory to ours, with higher elasticity of the caudate compared to the white matter. 15 The dichotomy might have been due to different study populations (neonate versus adults). During our study, we noticed that the lateral ventricle, which is cystic and overlies the caudate, can produce an aliasing artifact, resulting in a higher elasticity score of the caudate. 22 However, regions of interest were drawn in the caudate, substantially apart from the lateral ventricle. Therefore, we think there is a low possibility that the high elasticity score of the caudate was due to an artifact.
The periventricular white matter elasticity score was assessed independently to see whether there was difference between it and the subcortical white matter. In neonates, high echogenicity in the periventricular white matter area is referred to as a periventricular echogenic halo. Some explain the cause of high echogenicity as the dense vascular plexus surrounding the lateral ventricles, but it is also interpreted as a scanning artifact of sonography, as it does not clearly appear on sagittal planes or scans from the posterior fontanel. 23 On MR imaging, these areas appear to have higher signal intensity on T2-weighted images compared to other unmyelinated white matter of premature neonates. 24 It is apparent that the periventricular white matter, which is a region that is vulnerable to periventricular leukomalacia in premature neonates, has different tissue characteristics compared to other white matter regions. 25 Here, the periventricular Data are presented as median (first quartile-third quartile). Data are presented as median (first quartile-third quartile).
Kim et al-Ultrasound Elastography of the Neonatal Brain white matter had higher elasticity than the subcortical white matter. Although much research has been done to differentiate normal periventricular white matter echogenicity from abnormal echogenicity, 26 visual assessment is still the primary skill with sonography because of the lack of a real-time quantification method. We hope that this tissue characteristic will help future research on periventricular white matter conditions such as periventricular leukomalacia.
It is well known that brain maturation occurs after birth. 27 Therefore, we can assume that the elasticities of the brain regions can be different according to the GA of the neonates, and our results showed a positive trend between the cortical gray matter elasticity score and corrected GA. This finding was consistent with the previous study using shear wave elastography. 13 In that study, the parietal white matter and thalamic nuclei showed higher elasticity in preterm neonates (<37 weeks) compared to term neonates (37 weeks). In an MR elastographic study of adults, however, there was no apparent age trend in the elasticity of the gray matter or white matter, 14 which again suggests different tissue characteristic and age-related changes in neonates and adults.
From studies using shear wave elastography, it is known that the propagation of the shear wave is affected by the directions of fibers. 28, 29 In muscles, shear wave elasticity measured parallel to the muscle fiber direction is higher compared to that measured perpendicular to the muscle fiber direction. 28 In our study, only coronal elastographic images were measured. Although a limited amount of myelination will exist in the neonatal white matter, tissue anisotropy might have affected the elastographic score according to the direction of the ultrasonic beam. To verify elasticity and its relationship with brain tissue anisotropy, our preliminary results need to be expanded by scanning the brain in multiple orientations.
There were some limitations in this study. First was the small number of patients with combined sex, GA, and birth weight. As described above, there can be changes in elasticity in the brain region that could be related to GA. The lack of a significant correlation between the brain regions and GA or birth weight might have been due to both the semiquantitative method we used (ie, strain elastography) and the limited number of patients. We hope to investigate changes in gray matter and white matter stiffness by GA and birth weight in a future study with a larger number of patients. The second limitation was the lack of an MR elastographic study or tissue confirmation for comparison of our results. Although MR elastographic studies have been done in adults 14 and with brain tissue, 20 to our knowledge, there are no studies on neonates. The last limitation of this study was the lack of a reproducibility evaluation. There is only a single pediatric radiologist in our institution. Owing to that fact, all of the elastographic examinations were done by a single radiologist. Including elastographic images taken by other radiologists and evaluating the reproducibility of images will be required for further validation of this method.
In conclusion, the elasticity characteristics of the brain in neonates are described. There was a significant difference in elasticity between the measured brain regions on ultrasound elastography. The degree of elasticity of a certain region changed according to the corrected GA. These standards of reference can be used to assess the normal elasticity of the neonatal brain and may be useful in future studies for assessing neonates with diffuse brain injuries that can alter brain elasticity.
